The study of crystal structures in shape memory alloys is of fundamental importance for understanding the shape memory effect. In order to investigate the mechanism of how Cu content affects martensite crystal structures of TiNiCu alloys, the present research examines the atomic displacement of Ti50Ni50−xCux (x = 0, 5, 12.5, 15, 18.75, 20, 25) shape memory alloys using density functional theory (DFT). By the introduction of Cu atoms into TiNi martensite crystal to replace Ni, the displacements of Ti and Ni/Cu atoms along the x-axis are obvious, but they are minimal along the y-and z-axes. It is found that along the x-axis, the two Ti atoms in the unit cell move in opposite directions, and the same occurred with the two Ni/Cu atoms. With increasing Cu content, the distance between the two Ni/Cu atoms increases while the Ti atoms draw closer along the x-axis, leading to a rotation of the (100) plane, which is responsible for the decrease in the monoclinic angle. It is also found that the displacements of both Ti atoms and Ni/Cu atoms along the x-axis are progressive, which results in a gradual change of monoclinic angle and a transition to B19 martensite crystal structure.
Introduction
TiNi-based shape memory alloys (SMAs) have been widely used in the aerospace and biomedical fields because of their superior shape memory effect (SME), high superelasticity, and favorable biocompatibility [1] [2] [3] [4] [5] . In order to fulfill the requirement of high response frequency in the automotive and aerospace industries, TiNiCu SMAs in which Cu substitutes for Ni have been widely studied due to their narrow martensitic transformation (MT) temperature hysteresis in comparison with TiNi binary alloys [6] [7] [8] [9] . In order to design new SMAs possessing very small transformation temperature hysteresis, understanding the effect of alloying on martensite structures is of vital importance. Previously reported works have studied the effects of Cu content on transformation temperature [10] , microstructure [7, 8, 11, 12] , stress-strain characteristic and fatigue life [13] [14] [15] , as well as applications as actuators [5, 16] . Earlier research has found that the Cu content in TiNiCu alloys has little influence on the MT temperature but obvious effect on the MT pathway [11, 12, 17] . TiNiCu alloys with Cu content of less than 7.5 at. % are known to show the B2→B19′ transformation. For the alloys with Cu content between 7.5 at. % and 15 at. %, the B2→B19→B19′ transformation takes place, and for Cu ≥ 15 at. %, there is a direct B2→B19 transformation. Meanwhile, the transformation temperature hysteresis becomes smaller with increasing Cu content in the TiNiCu alloy [7, 8, 10] .
With the rapid development of high-performance computing, the ab initio density functional theory (DFT) has become one of the most widely used approaches to investigate the crystal structures of SMAs at the quantum level [18] [19] [20] . Using the DFT method, Huang et al. [21] predicted a base-centered orthorhombic (BCO) structure with a 107° monoclinic angle in TiNi martensite, which is significantly different from the experimental reported value of 96.8°. Using a SeqQuest code based on the DFT, a new martensite structure in TiNi denoted as the B19″ phase was reported by Vishnu et al. [22] . Moreover, using experimental and theoretical DFT methods, the bonding and microstructural stability in Ni55Ti45 has been studied by Stott et al. [23, 24] The present authors' earlier computational study [25] found that with Cu addition to TiNi, the martensite lattice parameters a and c and the monoclinic angle decrease, whereas the lattice parameter b increases with increasing Cu content. Meanwhile, more electrons escaped from the Ti atoms as the Cu atoms attract more electrons compared to Ni atoms. We also learned that when the Cu content reaches 20 at. %, the monoclinic martensite crystal structure changes to an orthorhombic crystal structure. Meanwhile, the transformation hysteresis is reduced to as low as 5 K.
In order to effectively design SMAs with the required transformation hysteresis, understanding the atomic displacement and subsequent crystal structure transition as a result of alloying is of primary importance. However, the mechanism of Cu addition in modifying the martensite crystal structure is not clearly understood. In the present study, in order to determine how Cu content affects the martensite crystal structures of TiNiCu alloys, a first principle investigation on the atomic displacement of martensitic Ti50Ni50−xCux (x = 0, 5, 12.5, 15, 18.75, 20, 25) alloys has been performed. The results presented in this research may provide insight for a better understanding of the transformation hysteresis in TiNiCu SMAs.
Computation Methodology
All present calculations are performed with the generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [26] based on the DFT method as implemented in the Cambridge Serial Total Energy Package (CASTEP) code [27, 28] . The cutoff energy of the plane wave was set to 1000 eV to ensure a high degree of accuracy. The integrations in the Brillouin zone were performed on a grid of 9 × 6 × 6 Monkhorst-Pack set. The self-consistent field (SCF) tolerance was set to be 5.0 × 10 −7 eV/atom and the smearing parameter of 0.05 eV was used. The convergence tolerance of energy, maximum force, maximum stress and maximum displacement were set to be 5. The martensite crystal structures of TiNiCu alloys with different Cu contents have been reported [21, [29] [30] [31] [32] [33] and are listed in Table 1 . The B19 and B19′ phases were observed in experiments, while the BCO structure was obtained from computational calculations. In the present calculations, all initial crystal structures were set to monoclinic structures, i.e., the B19′ phase. The original atomic positions of Ni and Ti were taken as x = 0.0525, y = 0.25, z = 0.693 and x = 0.4726, y = 0.25, z = 0.221, respectively [34] . In order to obtain and visualize the atomic displacements in TiNiCu alloys with different Cu contents, the same unit cell has been used and all TiNiCu initial structures were optimized by the Virtual Crystal Method (VCM). The VCM is performed in which the ionic pseudo-potential, i.e., Ni50−xCux, is approximated by the weighted average of those of Ni and Cu in a unit cell, followed by conducting the usual ab initio self-consistent pseudo-potential calculation [35] . In a VCM simulation of Ti50Ni50−xCux one creates a new, virtual atom, which is a mixture of Ni and Cu with appropriate weightages. Then, the actual calculation was performed on a unit cell with only the normal Ti atoms and the virtual Ni-Cu atoms. The calculation results were compared with the observations from the Supercell Method (SM). The unit cells of B19′ and B19 martensite structures are shown in Figure 1 , in which four atoms were indicated for each unit cell.
Figure 1.
Schematic of the unit cell of (a) B19′ martensite structure and (b) B19 martensite structure.
Results and Discussion
The calculated atomic positions of Ti and Ni/Cu as a result of Cu addition from VCM and SM are listed in Table 2 , in which reported experimental data are also included. The calculated results from two methods are compared and cross-checked. From the calculated results listed in Table 2 , it can be observed that the two computational methods used in the present research yield similar results and the trends are identical, which implies that the calculated results are accurate and reliable. Specifically, the atomic coordinates from the SM method are the average values of the corresponding atoms while those from VCM can be obtained directly. With higher accuracy, the results from the VCM method were used to visualize the atomic displacements in the unit cell. From Table 2 The three-dimensional (3D) diagrams are shown in Figure 3 . From this figure, it is obvious that all the atomic displacements occurred with (010) planes, i.e., (010) plane at y = 0.25 (as listed in Table 2 ) and (010) plane at y = 0.75, respectively. We label the atoms within the (010) plane at y = 0.25 as Ni/Cu(A) and Ti(A), and the atoms within the (010) plane at y = 0.75 as Ni/Cu(B) and Ti(B), respectively. As shown in Figure 2 , the Ti atoms on the left and right sides are Ti(A) and Ti(B), respectively, while the Ni/Cu atoms in upper and lower positions are Ni/Cu(A) and Ni/Cu(B), respectively. The monoclinic angles and the atom displacement directions are indicated in these two figures.
The crystal structure is determined by the atomic arrangements in the crystalline solids. From  Figures 2 and 3 , we observe that along the x-axis, the two Ti atoms shifted in the opposite directions, as did the two Ni/Cu atoms. With increasing Cu content, the distance between the two Ni/Cu atoms increases along the x-axis, while that between the Ti atoms decreases. Specifically for the Ni/Cu atom, when the Cu content reaches 25 at. %, the x-parameter is near zero. This form of atomic displacement within the (010) plane leads to a rotation of the (100) plane. As shown in Figure 4 , from Ti50Ni50 to Ti50Ni25Cu25, the (010) and (001) planes remain unchanged. However, the (100) plane rotates along the [010] direction, leading to a decrease in the monoclinic angle. As a result, the crystal structure changes from the monoclinic (B19′) to orthorhombic (B19).
Moreover, this change is gradual. From Table 2 and Figure 2 , it can be clearly observed that the displacements of both the Ti and Ni/Cu atoms in the x-direction are continuous, which results in a continuous change of the monoclinic angle and lattice parameters, leading to successive changes in the crystal structure. Thus, it can be surmised that, with increasing Cu content in TiNiCu alloys, the change in the martensite crystal structure from monoclinic B19′ to orthorhombic B19 is not dramatic but gradual. Furthermore, MT temperatures can be affected by various factors, in particular the chemical content. Accompanied by the change of the martensite crystal structure from B19′ to B19, the transformation hysteresis in TiNiCu SMAs drastically reduces from as high as 30 K to as low as 5 K.
Through understanding the pathway of transition of martensite crystal structures from B19′ to B19 as a result of alloying, it might help to understand the drastic change in the transformation hysteresis due to Cu addition. Accommodation of Cu in the monoclinic martensitic TiNi takes place by substitution of the Ni atom, and it is assumed that replacements are controlled primarily by the size mismatch of Cu [36] . The atomic radii of Ti, Ni and Cu are 1.45 Å, 1.29 Å and 1.28 Å, respectively. As the atomic radius of Cu is slightly smaller than that of Ni, the size mismatch is not significant, which is consistent with the previous observation that there is no dramatic change of crystal structure when substituting Cu in TiNiCu martensitic alloys [25] . Our earlier work noted that more electrons escape from the Ti atoms in comparison with the equiatomic TiNi binary alloy with increasing Cu content [25] . The more charge transfer between Ti and Ni/Cu atoms, the stronger the interaction between them will be, and the higher the bonding force between them is, leading to a shorter bond length. In Figure 5 , the bond lengths of Ni/Cu(A)-Ti(A) and Ni/Cu(A)-Ti(B) as a function of Cu content in TiNiCu alloys are presented. It can be observed that, with increasing Cu content in TiNiCu martensite, the bond length between Ni/Cu(A) and Ti(B) atoms increases, leading to an increase of lattice parameter b, which agrees well with previous observations [25] . For the bond length between Ni/Cu(A) and Ti(A) atoms, it decreases initially and then increases. When Cu content increases from 0 at. % to 15 at. %, more electrons escape from Ti(A) to Ni/Cu(A), leading to a stronger interaction and resulting in a decrease of bond length between them. In addition, the weak interaction between Ni/Cu(A) and Ti(B) leads to an increase of bond length between them. When Cu content is more than 15 at. %, less electrons escape from Ti(A) to Ni/Cu(A), leading to a weak interaction which results in an increase of bond length between them. Meanwhile, the interaction between Ni/Cu(A) and Ti(B) becomes stronger, and when Cu content reaches 20 at. %, the bond length between them begins to decrease. On the other hand, in this figure, the partial local s, p and f DOS are very small in all compounds compared to the d DOS, which indicates that, for TiNiCu alloys, d orbital character plays a primary role in DOS, the same as in the TiNi binary alloy. In partial DOS, the Ti, Ni and Cu states exhibit sharp peaks, in which the peak apex of the Ti d-states occurs at a higher energy than the peak apex of the Ni and Cu d-states. It also can be observed that with Cu content exceeding 15%, a dual peak is shown at a lower energy, which shows that with increasing Cu content, the Cu d-states are making an increasingly important contribution to the partial DOS which may be responsible for the transition of the crystal structure. Figure 7 shows the two-dimensional (2D) plots for the total electron density projection in the XZ plane, from which an electronic charge depletion at the Ti lattice site and accumulation at the Ni/Cu site, with increasing Cu content, can be observed. When Cu content is below 15%, the charge density is approximately symmetrically distributed throughout the crystal structure. However, it becomes uneven when Cu content exceeds 15%. More charge transfer between Ti(A) and Ni/Cu(B) is observed, which may lead to a lower bonding force between Ti(A) and Ni/Cu(A), and hence an increase in the bond length, being consistent with our previous observations of bond length. In addition, the gradual change in the charge density redistribution plays an essential role in the gradual change of crystal structures. 
Conclusions
The present research has studied the atomic positions and displacements in the martensite crystal structure of Ti50Ni50−xCux (x = 0, 5, 12.5, 15, 18.75, 20, 25) alloys using density functional theory. Based on the crystal structure optimizations of TiNiCu martensite consisting of different amounts of Cu substituting for Ni, the following conclusions can be drawn:
1. As a result of Cu addition to TiNi, the shifting of Ti and Ni/Cu atoms along the x-axis is clearly evident, but is minimal along the y and z axes. With increasing Cu content, the distance between two Ni/Cu atoms increases along the x-axis while the Ti atoms become closer, which is responsible for the rotation of the (100) plane, leading to a decrease in the monoclinic angle. 2. Due to the similar sizes of Ni and Cu atoms, by introduction of Cu into TiNi, the displacements of both Ti and Ni/Cu atoms along the x-axis are progressive, indicating no dramatic change in TiNiCu martensite crystal structures, but the monoclinic angle decreases gradually until the orthorhombic structure is formed. 3. With increasing Cu content, the charge transfer between Ti and Ni/Cu atoms is suggested to be responsible for the observed atomic displacement. The increase of bond length between the Ni/Cu(A) and Ti(B) atoms leads to an increase of lattice parameter b. 4. Through revealing the pathway of crystal structure change due to Cu-addition it might help to provide some useful information for understanding the drastic change in transformation hysteresis in TiNiCu alloys and for adjusting the transformation hysteresis through adjusting the chemical content of particular SMAs of interest. 5. The results obtained from this research suggest a plausible approach for investigating the effect of alloying on the crystal structure change in SMAs apart from the traditional experimental approach and provide reasonable predictions.
